The soil temperature regime is a relevant part of comprehensive topoclimatic research. Soil 
Introduction
Thermal and temperature soil characteristics are part of fundamental physical properties in soil science. Since the first modern research conducted by De Vries (1952) , a number of publications thoroughly describing heat transfer in soils have been published. Nevertheless, the current state of knowledge is only used with difficulties from the climatological point of view, as geographical space varies significantly (soil properties, topography, weather conditions, etc.). Consequently, the spatial and temporal distribution of soil temperature and predictions of soil temperatures are considerably underdeveloped in comparison with other fields of study in climatology. Some local climatic effects may, however, be affected by the soil temperature regime (Vysoudil, 2009) . For instance, the soil temperature regime might affect air temperature and relative air humidity regimes near the ground. This could lead to local radiation inversions.
Permanent long-term soil temperature measurements in the Czech Republic are made mainly by a professional meteorological station. Data analyses and assessments are usually limited to descriptions of the soil temperature regime on a macroclimatic level (Bedrna, Gašparovič, 1980; Coufal et al., 1993; Tolasz et al., 2007) . As a result, detailed analyses on a local climate level, which would include a dense grid of sites, are made only rarely (Pokladníková et al., 2006; Tesař et al., 2008; Lehnert, 2010; Hora, 2011) .
The approach taken in this study is based on the description of particular geofactors and their influence on the soil temperature regime. According to Hanks (1992) , geofactors shaping the soil temperature regime can be distinguished: 1. as those influencing the amount of heat available on the soil surface; and 2. those influencing the dissipation of available heat.
Research on factors influencing dissipation of available heat has strong roots in soil science and therefore there are many reports describing the influence of particle size, soil moisture content, humus (or organic matter) content and porosity, on heat flows in the soils (see Hanks, 1992; Horton, Hochster, 2011) . On the other hand, a systematic description of the factors the amount of heat available on the soil surface is clearly missing. Nevertheless, geofactors influencing the amount of heat available on the soil surface can be considered to include relief (Elizbarashvili, 2007; Kim et al., 2000) , vegetation (Green et al., 1984) , soil cover colour (Oke, Hannell, 1966) , the complex relation of air temperature and air humidity in terms of water vapour condensation in soil pores (Hofmann, 1955) , climatic conditions in general (Elizbarasvilli, 2007) , and/or the influence of the urban environment (Tang et al., 2011) .
Since recognition of the influences of all geofactors is a demanding task at a level to meet acceptable accuracy in the space-time continuum, most relevant studies were published during the last two decades when computerized spatial statistics tools became available. The results of Balland and Arp (2005) , who managed to generalize the influence of geofactors on soil thermal conductivity over a wide range of conditions, encouraged the development of soil temperature regime models applicable in various geographic conditions. Meanwhile, Kang et al. (2000) presented a hybrid soil temperature regime model based on the influence of topography, active surface characteristics and air temperature on soil temperature, which has excellent accuracy for the investigated area.
Despite the fact that the above-mentioned models have brought the most satisfactory results, they cannot be considered comprehensive or widely applicable to various geographic situations at this time. For instance, almost none of the existing models take into account the variety of local climate dynamics. Knowledge of the influence of the spatial variations in climatic factors on the soil temperature regime is very poor.
This situation emphasizes the level of uncertainty in soil temperature regime simulations. Furthermore, Kutílek (1990) demonstrated a free correlation of "hydrotope" and "pedotope", which (to some extent) presents a limitation on the soil temperature regime simulation on a local scale.
The particular aim of this study is to identify the geofactors determining the soil temperature regime in Olomouc and in its surrounding areas. At the same time, the paper aims to create a basis for a simple but comprehensive approach to soil temperature regime simulation in the area under investigation. Therefore, the paper presents both a description of the soil temperature regime, analysing the influence of the geofactors, and an experimental attempt to demonstrate the applicability of knowledge of the spatial variability of local soil temperature, for soil temperature simulation in the investigated area.
Data and methods
The soil temperature analysis was primarily based on data obtained from the six stations included in the metropolitan station network of Olomouc (MESSO), see Tab. 1. The analyzed soil temperatures were measured at a depth of 0.2 m in 2010 and 2011. The specified stations measured, among other variables, air temperature at a height of 1.5 m and precipitation intensity. Moreover, the BYST, DDHL and ENVE stations measured global radiation. The global radiation data measured at the ENVE station was used for the nearby BOT_PF, DOMI and LETO stations. There were no soil temperatures measured at ENVE; therefore the station is grey-tinged in Table 1 . More detailed information about the MESSO stations was presented by Vysoudil et al. (2012) .
The data were recorded at 10-minute intervals and processed according to the procedures of Nosek (1972) . Daily, monthly and annual maximum and minimum soil temperatures were determined. Average soil temperatures were calculated as an arithmetic mean of all corresponding values measured at 10-minute intervals. Air temperature data, which were used for comparative analyses and for the soil temperature simulation, were treated similarly. For selected days, hourly sums of precipitation and hourly averages of global radiation were also calculated. Snow cover depth was measured at the Olomouc-Holice station of the Czech Hydrometeorological Institute (for more details see Vysoudil et al., 2012) .
Besides the previously-mentioned analyses of meteorological characteristics, some soil properties were also specified. More precisely, soil texture (due to technical reasons, the smallest measured grain that includes fine silt and clay was limited to ≤ 0.063 mm) and soil humus content were determined. Soil samples were taken repeatedly from a soil borehole on 13 October 2011 in line with the methodology published by Zbíral, Honsa and Malý (1997) .
In the following stage of this study, a simple empirical model published by Zheng et al. (1993) was used. The model is based on a daily average soil temperature simulation using air temperature data. The elemental version of this model was adopted as a tool for the experimental quantification of local differences in soil temperature simulation. The Zheng et al. (1993) model was chosen because of its accuracy, simplicity and flexibility, validated by Kang et al. (2000) .
The above-quoted model is based on the so-called 'regional' regression equation (Zheng et al., 1993) . The regional regression equation uses the correlation between the average daily soil temperature and the 11-day moving average of air temperature. Consequently, data obtained from the regional equation calculations were incorporated into one of the empiricallydeveloped formulas. In this study, we used a simple version of the model, which is applicable only to the period without snow cover:
in which F(J) is the simulated average soil temperature for day J; A (J) is the measured average air temperature for day J; A(J -1) is the measured average soil temperature on the day preceding the day J; M 2 is an empirically given constant 0.2, and E(J -1) is the soil temperature on the previous day estimated solely from the regional regression equation. The author's intention was to experimentally express spatial variations of soil temperature on a local level. Therefore, a LGF variable (Local Geographical Factors) was added to the formula (see below).
LGF is assumed to quantify the specific influence of geofactors on the soil temperature of the monitored stations.
It is important to mention some differences in the initial data series of this study and the research carried out by Zheng et al. (1993) . In our research, the soil temperature was measured at a depth of 20 cm, whereas Zheng et al. (1993) measured at a depth of 10 cm. We chose the depth of 20 cm because it is widely used in meteorological stations. Since the influence of snow cover could have concealed some required information, the calculations of soil temperature simulation in this paper are based only on the data series obtained during the period from May to October.
Soil temperature regime
There were significant differences between the annual soil temperature regimes in 2010 and 2011 (Figs. 1 and 2, Tabs. 2 and 3). Regardless of these differences, Apart from the average, minimum and maximum daily and annual temperatures, the daily soil temperature amplitude was observed. The daily soil temperature amplitude increased principally with global radiation intensity in the course of the year. The correlation of global radiation intensity and average soil temperature is illustrated on the radiation weather days in Fig. 3 . On days when the weather conditions failed to meet the definition of radiation weather days (wind velocity ≤ 4 m.s -1
, proportion of sky covered by clouds ≤ 2/8), weather influencing factors were taken into consideration.
Factors influencing the soil temperature regime
It follows from the above that global radiation is a determining geofactor influencing the soil temperature regime. temperatures were recorded at each station on different dates and that there were significant differences in the daily soil temperature amplitude between the involved stations. The reasons depended on the interaction of global radiation heat with other geofactors.
With respect to the fact that global radiation plays a key role in the formation of the soil temperature regime, it is crucial to deal with the influence of factors that might reduce global radiation intensity on a local scale. In Olomouc and the surrounding areas, the spatial variability of global radiation was influenced particularly by low cloudiness related to atmospheric temperature inversion. For instance, the soil temperature regime had an entirely different character at the highest altitude for the KOPE station compared with all other MESSO stations during the third ten-day interval in December 2010 (Fig. 6 ). The occurrence of air temperature inversion was corroborated by air temperature analyses. Another example of the impact of air temperature inversion on the soil temperature regime is the local climate of the V-shaped Bystřice River valley, where the DDHL station is located. Vysoudil (2008) confirmed that atmospheric temperature inversions reduced the intensity of global radiation on the Bystřice River valley bottom, and it was reconfirmed by an unpublished global radiation analysis by the author for the years 2010 and 2011. Therefore, the soil temperature regime at the DDHL station was characterised by a sudden soil temperature decrease at the end of the summer period and by a delayed soil temperature increase at the end of the winter period. Nonetheless, it should be noted that the soil temperature regime of DDHL was also conditioned by the valley shape.
Undoubtedly, the low cloudiness associated with air temperature inversion was not the only category of cloudiness shaping the local differences in global radiation intensity. Nevertheless, the local differences in cloudiness based on frontal circulation must be subject to further investigation. On days with the predominating influence of frontal circulation, the times of maximum and minimum temperature occurrence were shifting by minutes or even hours (Lehnert, 2010) .
When cloudiness induced precipitation, the soil temperature suddenly decreased (Fig. 7) . The phenomenon could have been caused by two different mechanisms -by water convection or by evaporation. The first one assumes decreased soil temperature due to infiltration of colder water into the soil. The second one counts on increased loss of latent heat from the soil due to increased evaporation.
Relief was another significant geofactor affecting the soil temperature regime. The influence of slope aspect was not taken into account because the data used were measured at the meteorological stations. Despite this, it is unrealistic to avoid the effect of shading of the meteorological stations by the surrounding relief, which significantly affected the soil temperature regime at the DDHL station in particular. For example, during the sunrise on 30 October 2010, nonzero values of global radiation were detected on the DDHL station with an hour lag at the ENVE station (Lehnert, 2012) . Consequently, shorter daily durations of global radiation at the DDHL station were detected. These changes had an impact on the minimum daily soil temperature data and also on the average soil temperature value at the DDHL station. On the other hand, according to Lehnert (2012) , the effect of altitude was not substantial in the study area.
Global radiation is partly transformed into heat energy on the ground. The efficiency of this process is given by properties of the active surface. In spite of the fact that the active surface at all of the studied MESSO stations was maintained lawn, properties of this active surface for all stations were not identical. It was discovered that even seemingly insignificant differences in grass quality (sward height and density) might have an influence on soil temperature (see Lehnert, 2012) .
With respect to land cover type, the presence of snow had a major influence on the soil temperature regime. With snow cover present, there was almost no response of soil temperature to global radiation intensity; the course of soil temperature during these days was flat. Therefore, the spatial and temporal variations in snow cover have an impact on the spatial variation of the soil temperature regime (for more details, see Lehnert, 2012) . Even a snow cover of less than 5 cm might have changed the soil temperature regime dramatically. Another effect of snow cover becomes important upon the start of snow melting. For instance, soil temperature remained steady or decreased almost imperceptibly at first, and then rose sharply during the thaw at the end of January 2010, which could be due to a sudden and intense emission of latent heat from the saturated soil.
As mentioned above, soil properties represent an important group of geofactors affecting the soil temperature regime. Therefore, we analyzed relations between the average daily soil temperature amplitude and the humus content, and between the average daily soil temperature amplitude and the size of particles. While the role of humus content was ambiguous, there seemed to be a positive correlation between the average daily soil temperature amplitude and the proportion of sand fraction in fine earth (though without statistical significance due to few input data points). This implies that coarse soils have higher average daily soil temperature amplitude than fine soils (Fig. 8) . The effect of soil type by itself was particularly obvious in gleysol at the DDHL station, where both the second highest absolute temperature and the lowest annual temperature were detected.
Geofactors as a variable in soil temperature regime calculation
In the first part of this research project with the preliminary results described above, some important geofactors influencing the soil temperature regime are MESSO, 2010 MESSO, -2011 identified as well as their interactions. At the same time, for further research it is necessary to verify the feasibility of the approach presented here for soil temperature simulation. Therefore, we experimentally used a variable to quantify local soil temperature specifics in the soil temperature simulation.
The basic version of the Zheng et al. (1993) model calculated for Olomouc and its surrounding areas showed satisfactory results (Fig. 9) . Subsequently, an implicit LGF variable was included to quantify the local specifics (in the sense of the influence of possible geofactors on the soil temperature) at each station. Thus, F(J) can be expressed as
F(J) = [A(J) -A(J -1)] M 2 + E(J -1) ± LGF where [+ LGF for A(J) < A(J 11avg ); -LGF for A(J) > A(J 11avg )]
and A (J 11avg ) is the running average counted for the previous 11 days. The LGF was based on a comparative analysis of soil temperature regime and air temperature regime. At this time, the LGF variable that was used and the method used to establish it are not of essential importance, since the introduced procedure represents only the innovated approach principle.
The model with the LGF variable showed slightly better results than the original model (Fig. 10 , Tab. 4). Consequently, an adjusted version of the model based on the 2010 data series was calculated for the year 2011, with the result that the R2 value decreased by only 0.05.
To summarize, the model presented here might cover the spatial variability of soil temperatures with good results for Olomouc and its surrounding areas. Nevertheless, the LGF variable should be established empirically to obtain a better more applicable outcome of the research. However, the empirical determination of LGF requires long-lasting and more detailed measurements.
Conclusion and discussion
The analyses of MESSO soil temperature data series from 2010 and 2011 present essential information about the soil temperature regime in Olomouc and its surrounding areas. Based on analyses of the influence of meteorological factors, relief was identified as the most substantial geofactor determining the spatial variation of the soil temperature regime in Olomouc and the surrounding areas. The impact of relief on the soil temperature regime was associated primarily with atmospheric inversion, with the exception of the DDHL station where shading had an important role as well. Global radiation, as the most determinant factor influencing the soil temperature regime, was reduced by low cloudiness locally associated with air temperature inversion. Furthermore, the influence of the remaining cloudiness in terms of its spatial variation must be specified. Apart from the cloudiness itself, the instant impact of precipitation on soil temperature was confirmed. Therefore, the spatial and temporal variation of precipitation falling onto the Earth's surface may sharpen the spatial differences of soil temperature. Even a thin snow cover smoothed the soil temperature regime radically. For this reason, precise snow cover measurements should be made in further studies of soil temperature regime.
Since many authors have confirmed that soil properties have a significant influence on the soil temperature regime, the relation between the sand content in fine earth and daily soil temperature amplitude, as well as the relation between the soil humus content and daily soil temperature amplitude, were investigated. It was shown that there were no statistically significant relations between the values. Soils with a higher sand content in fine earth, however, seemed to have higher daily soil temperature amplitude. Moreover, the DDHL station with gleysol showed the second highest maximum temperature but also the lowest average annual temperatures. This is in agreement with Abu-Hamdeh et al. (2000) who found higher thermal conductivities in sandy soils than in clay loam soils. A further and more detailed analysis of physical and chemical soil properties would be useful to avoid confusion in the interpretation of the influences of local climate factors on the soil temperature regime.
The model developed by Zheng et al. (1993) can be considered a satisfactory tool for further attempts at interpretation and simulation of the spatial variability of soil temperature on a local scale. However, future attempts to interpret the variability of the soil temperature regime must be focused on a smaller area such as a pedotope. Then, the variability of the soil temperature regime at the regional level could be assessed, for example, by using methods of regional typology.
